Polypeptides that appear to be involved in competence development and deoxyribonucleic acid (DNA) uptake by Haemophilus influenzae were detected with a surface-specific iodinating reagent 1,3,4,6,-tetrachloro-3a,6a-diphenylglycoluril. As shown on electrophoretograms, a number of polypeptides became sensitive to 1251I protein labeling with the ability of these cells to bind DNA. Of these polypeptides, nine were reduced in their ability to be labeled (ral polypeptides) extensively after the incubation of competent cells with homologous, but not with heterologous, DNA. Iodination of many of these ral polypeptides was reduced in competence-deficient mutants compared with wild-type competent cells. One "MI-labeled polypeptide corresponding to a molecular weight of 29,000 was present at reduced levels in mutants reduced in the ability to bind DNA. Our results suggest that the 29,000-molecular-weight polypeptide corresponds with the ability of H. influenzae to take up DNA and that a complex of proteins is involved in DNA uptake and transformation.
Polypeptides that appear to be involved in competence development and deoxyribonucleic acid (DNA) uptake by Haemophilus influenzae were detected with a surface-specific iodinating reagent 1,3,4,6,-tetrachloro-3a,6a-diphenylglycoluril. As shown on electrophoretograms, a number of polypeptides became sensitive to 1251I protein labeling with the ability of these cells to bind DNA. Of these polypeptides, nine were reduced in their ability to be labeled (ral polypeptides) extensively after the incubation of competent cells with homologous, but not with heterologous, DNA. Iodination of many of these ral polypeptides was reduced in competence-deficient mutants compared with wild-type competent cells. One "MI-labeled polypeptide corresponding to a molecular weight of 29,000 was present at reduced levels in mutants reduced in the ability to bind DNA. Our results suggest that the 29,000-molecular-weight polypeptide corresponds with the ability of H. influenzae to take up DNA and that a complex of proteins is involved in DNA uptake and transformation.
During bacterial transformation, competent cells bind DNA molecules and transport them into the cell with subsequent integration of donor DNA into the recipient chromosome. A series of steps have been proposed to describe this process in Haemophilus influenzae (13) . It has been postulated that the uptake step involves a specific binding protein on the surface of competent cells that acts as a receptor for DNA (8) .
Attempts to identify or isolate the DNA receptor protein(s) of H. influenzae have included a comparison of polypeptides in the membrane fraction of competent and log-phase (noncompetent) (26, 27) cells and the isolation of DNAbinding proteins from membranes of competent cells (Deich and Smith, personal communication). Sutrina and Scocca (25) have reported the isolation of a periplasmic protein fraction possessing DNA-binding activity from noncompetent cells. Since reduced levels of DNA-binding activity were found in a similar fraction isolated from competent cells, Sutrina and Scocca suggested that this protein may become associated with the cell membrane during competence development and is therefore insensitive to the osmotic shock procedure used. Kahn et al. (12) have reported the presence of DNA-binding activity in the cell culture supernatants of certain competence mutants (com-) after they were subjected to competence-developing procedures.
We report here the use of a virtually waterinsoluble chloroamide, 1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril (IODO-GEN), to aid in our study of DNA uptake by H. influenzae and to help define the polypeptides involved in this process. IODO-GEN has been shown to be an effective protein-iodinating reagent when used in conjunction with sodium iodide (NaI) (9) . The conditions of this reaction are mild in that the viability of LPC-1 cells is not affected. This has also been shown when EL-4 and BHK-21 cells were iodinated with IODO-GEN (15) . Furthermore, in the absence of membrane-solubilizing reagents, surface-specific "25I labeling of Newcastle disease virus proteins was greater with IODO-GEN than with either the chloramine-T or lactoperoxidase methods.
Using IODO-GEN, we studied the effects of iodination on the biological activity of competent cells and found that, under specific iodinating conditions, transformation was reduced, whereas cell viability was not affected. Furthermore, labeling of competent cell proteins with 125I using IODO-GEN resulted in the labeling of the envelope protein fraction to a significantly greater extent than the cytoplasmic protein fraction.
Since we believe that the DNA uptake protein(s) is/are exposed to the cellular environment after competence development, we used Aquasol-2 (New England Nuclear Corp.), and radioactivity was determined by liquid scintillation counting. The assay for the determination of streptomycin transformants has been described previously (10) . Polyacrylamide gel electrophoresis and autoradiography. Protein separation was performed using 7.5 to 16% acrylamide exponential gradient sodium dodecyl sulfate (SDS) gels prepared by the method of O'Farrell (18) . A constant current of 20 mA was applied to slab gels (10 by 12 by 0.1 cm) or (10 by 16.5 by 0.1 cm) until the tracking dye was 1 cm from the bottom. Autoradiograms were prepared by exposing Kodak XR-5 X-ray films to dried gels at room temperature for the desired length of time. Labeled polypeptide molecular weights were determined by their relative mobility with respect to ,B-galactosidase (135,000), bovine serum albumin (67,000), ovalbumin (45,000), chymotrypsinogen (25,000), and RNase (13,700), which were electrophoresed with the labeled samples.
Protein iodination and sample preparation for electrophoresis. For optimal vectorial labeling of surface proteins, Markwell and Fox (15) suggested an IODO-GEN-to-protein ratio of 1:10 (wt/wt). As ,ug of IODO-GEN, and 600 ,uCi of "2I. The other set contained 2 x 109 cells, 200 pg of IODO-GEN, 600 ,uCi of ml, and 0.72 nmol of NaL. The final volume for all samples was 2.0 ml. The iodination reaction was allowed to proceed for 5 min at 37°C followed by the removal of samples from the reaction vessels. Cells were pelleted in an Eppendorf 3200 centrifuge and suspended in 1 ml of 25 mM Tris-hydrochloride (pH 7.4)-i mM EDTA (Tris-EDTA). Each sample was then added to 5 x 1010 unlabeled competent cells suspended in 6 ml of Tris-EDTA to facilitate sample manipulation. Suspensions were washed with Tris-EDTA and passed through a French pressure cell three times at 12,000 to 16,000 lb/in2. The disrupted cells were centrifuged for 5 min at 10,000 x g to remove unbroken cells and debris. The lysates were subjected to centrifugation for 90 min at 50,000 rpm at 40C in a Beckman type 65 rotor. The supernatant and pellet (crude envelope) fractions were tested for trichloroacetic acid-insoluble "1I counts per minute. This fractionation resulted in greater than 95% of NADH oxidase activity in the pellet fraction as assayed by the method described by Osborn et al. (19) . Protein content was determined by the method of Lowry et al. (14) .
RESULTS
Effect of iodination on cell viability and transformation. To test the sensitivity to iodination of competent H. influenzae, cells were treated with a constant amount of IODO-GEN (50 pg/sample) and increasing concentrations of NaI for 10 min and assayed for cell viability, DNA uptake, and transformation to streptomycin resistance. The results of this experiment are shown in Fig. 1 (27) , it was of interest to identify competence-related polypeptides by the IODO-GEN surface-protein-labeling procedure.
During competence development in H. influenzae, the ability of cells to take up DNA increases greatly (11) . One would expect the receptor proteins on the surface of the cell should increase in sensitivity to surface protein iodina- tion as a function of the cell's ability to take up DNA. To follow the increase in competencerelated polypeptides, log-phase cells were washed and suspended in M-IV competence medium (zero time). After various times of incubation in M-IV, samples were taken. Cells were tested for their ability to bind DNA and were iodinated under the optimal surface-specific labeling conditions proposed by Markwell and Fox (15) .
As shown in Table 2 , the ability of cells to bind homologous [3H]DNA increased approximately 50-fold in the course of 100 min of incubation. Cells in samples taken at the earlier times probably possessed some uptake proteins since these cells were able to take up detectable amounts of DNA.
The results of labeling these cells at various times during competence development with 125I are shown in Fig. 2 . A number of labeled polypeptides remained unchanged (e.g., 55,000 molecular weight) in their sensitivity to iodination during competence development, whereas others appeared or increased or both during this period. The 11 polypeptides that showed enhanced labeling ( Fig. 2A) correspond to apparent molecular weights of 88,000, 83,000, 44,000, 42,000, 36,000, 33,000, 27,000, 23,000, 20,000, 15,000, and 12,500. It is not known whether the increased sensitivity of these polypeptides to this labeling procedure results from the synthesis of newly synthesized proteins or the translocation of proteins to more accessible regions of the cell (25) .
The autoradiographic pattern generated was consistently reproduced by radioactive polypeptides of competent cells (Fig. 2A, lane 6 Correlation of competence-related polypeptides with competence development. To aid in the analysis of these competence-related polypeptides with respect to competence development, we prepared densitometer tracings of the migration pattern of labeled polypeptides as observed from their autoradiograms. These tracings, which correspond to the autoradiograph in Fig. 2A , are shown in Figure 2B and were standardized to the most prominent polypeptide corresponding to a molecular weight of 43,000. In the case ofsome labeled polypeptides, a decrease in intensity appears to have occurred after 20 min in M-IV (Fig. 2B, lanes 1 and 2) . This does not represent an actual decrease in the amount of that species in those samples but was rather an artifact generated by normalization of patterns to the 43,000 polypeptide. However, since there was a decrease in intensity of the 83,000-molecular-weight polypeptide as detected in samples incubated for 20, 40, and 60 min in M-IV, it was believed that this represented a real decrease in the extent of labeling of that species.
The relative radioactivity of some of the labeled polypeptides was determined indirectly by measuring the area under the peaks in the densitometer tracings. The amount in optical density units of a given species in a cellular sample was determined for the time points studied.
These values were correlated with the corresponding amount of DNA bound by those cells by calculating the Pearson correlation coefficient (r) for these variables. The correlation coefficients calculated from these data are shown in Table 3 for a selected number of polypeptide species. There was strong, positive correlation of six of the competence-related polypeptides with competence development of H. influenzae to a significance level of0.05, whereas a species with a molecular weight of 55,000 examined as an example of a polypeptide unrelated to competence development had an r value of 0.05. Therefore, from computing (r)2, on the average, approximately 80% of the increase in labeling of these competence-related polypeptides could be explained by a change in the cellular competence level.
As shown in Table 1 , by increasing the concentration of iodinating reagents, the specific radioactivity of "25I-modified polypeptides was increased, and a significant degree of surfacespecific labeling of proteins was retained. An increase in specific activity may result in a corresponding increase in sensitivity and could reveal some competence-related polypeptides not already detected. In addition, a significant change in the level of surface-specific labeling should be reflected in a change in the pattem of labeled polypeptides similar to that observed in Fig. 2 (Fig. 3, lane 1) and not in noncompetent cells (Fig. 3, lane 2) . Furthermore, four polypeptides of molecular weights 43,000, 46,000, 71,000, and 76,000 shown in Fig. 3 When competent H. influenzae surface polypeptides were labeled with 1"I after incubation with homologous DNA, nine competence-related polypeptides were significantly reduced in their ability to be labeled (ral polypeptides) compared with those polypeptides from cells not incubated with DNA and those labeled when cells were incubated with E. coli DNA (Fig. 4) . The ral polypeptides observed correspond to molecular weights of 88,000, 83,000, 44,000, 42,000, 36,000, 33,000, 29,000, 27,000, and 23,000. The cause of the reduced labeling of ral polypeptides is not known although it is apparent that it was related to DNA uptake. It is possible that the iodination of the ral polypeptides was inhibited by their binding of DNA or was reduced due to their translocation from the ceilular surface after DNA uptake. This latter possibility was tested by labeling competent cells after DNA uptake under conditions optimal for specific labeling of surface proteins. Under these conditions, we expected an equivalent or more pronounced reduction in labeling of ral polypeptides after DNA uptake by competent cells. However, no reduction in labeling of any polypeptide was observed (data not shown). Furthermore, extended times of incubation of competent cells with DNA, up to 40 min, did not result in reduced labeling of any polypeptides when iodination reagent concentrations of 4 ,ug of IODO-GEN and 150 ,iCi of 1"I were used.
Although this result was unexpected, it is significant since relatively small changes in iodination of polypeptides were detected during competence development when the lower reagent concentrations were used. It was only when competent cells were incubated with DNA and then labeled with 50 ,ug of IODO-GEN and 500 ,uCi of 125I that the reduced labeling of ral polypeptides was observed. The reduction in labeling of ral polypeptides depended on extensive iodination since this reduction was observed only when the higher of the two different iodinating reagent concentrations was used.
Iodination of surface polypeptides of competence-deficient mutants. Nine polypeptides found in competent H. influenzae were reduced in their ability to be modified with 125I after incubation with homologous DNA. To elucidate the role of these polypeptides with respect to transformation, a number of competence-deficient mutants developed in this laboratory (3) were iodinated, after incubation in M-IV, with 50 ,ug of IODO-GEN and 500 ,uCi of 125I. Electrophoretograms oflabeled polypeptides from these mutants were compared with those of wild-type competent cells. The mutants used were also tested for their ability to bind DNA and to be transformed to streptomycin resistance (200 ,ug/ ml). Table 4 shows the results of this test and indicates that all mutants showed reduced transformability and, with the exception of com-46, also possessed a reduced ability to bind DNA relative to wild-type cells.
The comparison of iodinated polypeptides is shown in Figure 5A . This comparison revealed that seven of the nine ral polypeptides indicated in Fig. 4 were present at reduced levels in various combinations in the competence mutants rela- present at reduced levels in those cells possessing reduced levels of DNA binding and present in significant amounts in cells with normal or above normal ability to bind DNA was the ral polypeptide corresponding to a molecular weight of 29,000. Interestingly, it was also observed that in all competence mutants, a polypeptide of 69,000 was present at significantly higher levels than in the wild-type cells. This study, involving the iodination of competence mutants, was also used to further illustrate the vectorial nature of the iodination of intact cells by IODO-GEN. Although the iodination of intact cells by IODO-GEN resulted in a significantly greater amount of the 1251I label being incorporated into the membrane fraction than in the cytoplasmic fraction of cells, it was still possible that labeled cytoplasmic polypeptides may have contributed significantly to the autoradiographic patterns shown above, since this polypeptide fraction was not removed during the preparation of samples for gel electrophoresis. A significant contribution of labeled cytoplasmic polypeptides would result in identical Coomassie brilliant blue and autoradiographic patterns.
The Coomassie-brilliant-blue-stained poly- .,slw peptide pattern of the SDS gel (Fig. 5B) , used to generate the autoradiographic pattern of labeled polypeptides in Fig. 5A , was not identical to the latter. Many of the Coomassie-brilliantblue-stained polypeptides, including the two prominent ones indicated by arrows in Fig. 5B , were not detected in the autoradiogram shown in Fig. 5A .
Attempts to label isolated membrane fractions of cells with 125I by IODO-GEN in the presence of SDS resulted in higher specific radioactivity of protein than when intact cells were iodinated.
However, the autoradiographic pattern from labeled, solubilized total envelope polypeptides separated on SDS gels was essentially a smear and was probably due to the labeling of an indeterminate number of polypeptide species (data not shown). DISCUSSION We used a cellular-surface-protein iodination procedure to detect polypeptides that appear to be involved in DNA uptake by H. influenzae.
The evidence for the involvement of these polypeptides in DNA uptake at the cell surface is: (i) they became sensitive to surface protein iodination as a consequence of competence development; (ii) they were reduced in accessibility to surface protein iodination after homologous DNA uptake; and (iii) the iodination of seven of the nine ral polypeptides was reduced in competence-deficient mutants.
This means of analysis was used since we believed that the DNA receptor protein(s) should be exposed to the cellular environment, facilitating interaction with DNA. Consequently, the receptor protein(s) would also be expected to be sensitive to labeling when using a surface-specific iodinating procedure. Labeling of H. influenzae by this procedure led to the detection of a number of polypeptides. Some of these polypeptides appear to be related to competence development.
When Sendai virus was iodinated by IODO-GEN in the presence of the solubilizing reagent SDS, Markwell and Fox (15) (15), we assume that predominately outer membrane proteins were labeled in our experiments, especially when using optimal surfacespecific labeling conditions. It seems likely, therefore, that the ral polypeptides are present on the surface of competent cells. It should be noted that the relative levels of radioactivity detected on autoradiograms do not necessarily reflect the relative amounts of a given polypeptide on the cellular surface. The iodination of proteins by an in vitro labeling technique, such as the one we used, depends on a number of factors. Since the action of iodination is the substitution of a proton on the phenol side chain of tyrosine residues with iodine, labeling of a protein with "2I depends on the presence of those residues. We therefore cannot rule out the possibility that one or more cell surface polypeptides escaped detection. The potential sites of iodination must also be accessible to this modification in proteins. The position or microenvironment or both of the tyrosine residue, therefore, affect the rate at which it will be iodinated (7, 21, 23) .
Results shown in Fig. 2A and 3 (15) .
The results of protein iodination after DNA uptake are consistent with the notion of differences in the accessibility of tyrosine residues to iodination, since the rate of iodination of the less accessible tyrosine residues may be inhibited as a result of a change in their immediate environment. This reduced accessibility may be a result of a change in the locale of some of the tyrosine residues as a consequence of DNA uptake or as a result of their involvement in binding DNA molecules, inasmuch as DNA had no effect on the iodination of polypeptides under conditions that led to the labeling of the most readily accessible tyrosine residues. Examination of isolated polypeptides should help clarify this interpretation. This explanation is consistent with the results of Notani et al. (17) that suggest that donor DNA is sequestered at or near the surface of H. influenzae after DNA binding. Furthermore, we believe that the reduction of polypeptide labeling was a result of specific interactions, since it was not observed after incubation with DNA from E. coli, and that, because of their number, these ral polypeptides may constitute a complex of proteins that act as the DNA receptor.
To provide genetic evidence that the ral polypeptides are involved in DNA uptake and trans- Although all the ral polypeptides were not reduced in the mutants examined, similar examination of other competence mutants may reveal reductions in the remaining ral polypeptides. Nevertheless, we have shown here that a reduction in the ability of the cell to bind DNA in com-mutants was accompanied by a reduction of a polypeptide corresponding to a molecular weight of 29,000. The 29,000-molecularweight polypeptide identified here may correspond to the 28,000-molecular-weight polypeptide isolated by Deich and Smith (personal communication) from the membranes of competent cells.
We observed in this study of competence mutants that the mutant com-46, which is capable of taking up DNA, possesses reduced levels of the polypeptides with molecular weights of 33,000 and 37,000 (Fig. 5, lane 7) . It is possible that these polypeptides may be involved in some later step of transformation after DNA uptake. This mutant is believed to be similar to com-56 studied by Caster and Goodgal (2). In this mutant, donor DNA atoms were found associated with recipient DNA but failed to yield normal donor genetic marker activity.
The two competence mutants, com-34 and com-37, examined here were the only two observed that lacked an iodinated 88,000-molecular-weight polypeptide (Fig. 5, lanes 4 and 5) . Studies in our laboratory revealed that these two mutants are also deficient in their ability to take up single-stranded DNA (Postel and Goodgal, unpublished data).
We also observed that all competence mutants had what appeared to be increased labeling of a 69,000-molecular-weight species relative to the wild-type cells. Although it is, at this stage, only speculation, it is conceivable that this polypeptide may represent some precursor that was processed to its normal form at a slower rate in the mutants compared with wild-type cells. We have repeatedly observed this increased labeling in similar experiments including two additional competence mutants, com-58 and com-59.
Although it was observed during this study that the amount of radioactive DNA taken up by competent cells was comparable to that reported recently by Deich and Smith (5) , it was also observed that transformation frequencies were lower than those reported by Goodgal and Herriott (10) . We observed that storage of Haemophilus DNA of specific radioactivity greater than 1 x 105 cpm/,ig for a few weeks results in significantly reduced levels of transformation, with no apparent effect on the uptake of this DNA by cells. We therefore attribute the reduced levels of transformation reported here to this inactivating effect. Since we were interested in illustrating the relative transformation frequencies of mutant to wild-type cells and concerned primarily with the DNA uptake by cells, the reduced transformation frequencies of competent cells as a result of the inactivation of [3H]DNA by storage should have no bearing on our findings.
The iodination of the 43,000 molecular-weight polypeptide may also have been affected after DNA uptake by competent wild-type cells, but this was difficult to determine in these experiments since a polypeptide with a similar apparent molecular weight was also observed in noncompetent cells. Two-dimensional gel analysis should aid in further identification of the 43,000-molecular-weight polypeptides as well as that of the nine ral polypeptides identified here by onedimensional gel analysis.
We are currently studying H. influenzae cells that have reverted to normal levels of DNA uptake. Iodination of these revertants may be useful in confirming the role of the ral polypeptides in DNA uptake.
It should be mentioned that the "2I labeling reaction vessels contained iodine concentrations of no more that 0.5 tM. Under these conditions from the values shown in Fig. 1 , cell viability was unaffected.
Further studies with this labeling technique, along with the isolation and analysis of membrane protein subfractions, should help to describe the mechanism of DNA transport across cell membranes.
